Recent studies rediscovered the crucial role of field-like spin orbit torque (SOT) in nanosecondtimescale SOT dynamics. However, there is not yet an effective way to control its relative amplitude.
INTRODUCTION
Electrical manipulation of magnetization by spin orbit torque (SOT) is essential in developing longendurance and ultrafast magnetic memory applications, such as magnetic random access memory (MRAM). [1] [2] [3] [4] [5] With strong spin orbit interaction, a pure charge current is converted into a spin current through spin Hall effect (SHE) or Rashba effect. [6] [7] [8] [9] [10] [11] [12] [13] [14] In heterostructures such as heavy metal / ferromagnet (HM / FM) bilayers, the interfacial spin accumulation exchanges its angular momentum with the FM layer, which results in a damping-like (DL) torque, as shown in Fig. 1(a) . For ferromagnetic materials, this DL torque has an interface nature and it can be enhanced through increasing the interfacial spin mixing conductance (G ). [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Conventionally, the critical current of SOT switching was considered to be determined by the DL torque efficiency (θ ). 25 Recently, people noticed that another component of SOT, which is called the field-like (FL) torque, also plays a central role in the ultrafast SOT dynamics. T. Taniguchi et al. reported that the critical current destabilizing the perpendicular magnetization by SHE depends significantly on the ratio between the FL and DL torque (θ θ ⁄ ). 26 damage the robustness of SOT switching. 27, 28 Moreover, in magnetic racetrack memory, the velocity of SOT driven domain-wall motion was also reported to be closely related to a FL torque. 29, 30 Therefore, tuning θ θ ⁄ may serve as another approach to further improve the performance of SOT-based magnetic device.
However, as far as our knowledge, there is not yet an effective way to modulate θ θ ⁄ . In heterostructures, a FL torque is largely derived from the exchange interaction between the magnetization and the interfacial spin accumulation. [31] [32] [33] [34] [35] [36] [37] [38] The strength of this exchange interaction can be characterized by the imaginary part of the interfacial spin mixing conductance G , which is related with certain material system. Up to now, there is no report about the experimental adjustment of G and a related FL torque. Here, we propose to modulate a FL SOT by controlling the amount of interfacial spin accumulation, through tuning the interfacial spin transparency. 37, 38 Recent study in HM/FM/capping trilayers shows that the interfacial spin transmission is not only related with the strength of the interfacial spin orbit coupling (ISOC), lattice mismatch or other interfacial conditions, but also with the spin memory loss happening apart from the interface. 23 Therefore, the effective interfacial spin mixing conductance G , and hence a FL SOT, could be tuned by modulation of the spin dephasing inside FM layer, which is related with the relative distance between the layer thickness and the spin diffusion length.
We experimentally modulate θ θ ⁄ in W/CoFeB/MgO trilayers with perpendicular magnetic anisotropy (PMA). Different layer thicknesses and annealing temperatures are adopted to control the spin dephasing in CoFeB. By spin Hall magnetoresistance (SMR) measurement, we demonstrate that the FM layer with larger spin dephasing can unambiguously boost spin absorption and improve the effective G . θ and θ are extracted by a standard harmonic measurement. 21, 39 While θ increases with G , θ turns out to decrease with G . The results suggest that a FL SOT is largely contributed by the exchange coupling between the magnetization and the interfacial spin accumulation, which decreases with larger effective G . This modulation of θ θ ⁄ is more obvious when the spin generation efficiency is lower. Our findings suggest a new direction to further improve the performance of SOT-based magnetic devices by modulation of FL torque amplitude through engineering of the interfacial spin transparency.
II． RESULTS AND DISCUSSIONS

Sample preparation and fundamental properties
The films studied are deposited on a 300 nm oxidized Si substrate under room temperature. 1h
annealing at certain temperature (T ) is performed after deposition to enhance the PMA. 40 Three image of W(1.5)/CoFeB(1.1)/MgO(2)/Ta(1.5), T = 300 ℃ . A standard photolithography, dry etching and lift off process is then performed to fabricate hall bar structure and electrode (Ti20/Au100).
A relatively small ratio (0.25) between voltage channel and current channel width is designed to restrain shunting effect at hall bar cross area. 41 We utilize the spin Hall magnetoresistance (SMR) measurement to characterize the effective G . 37, 38, [43] [44] [45] As shown in Fig. 1(a) , in W/CoFeB bilayers, the spin reflection from the interface generates a charge current ȷ ⃗ with the same direction to ȷ ⃑ by inverse spin Hall effect (ISHE), which increases the W conductivity. When m ⃑ is perpendicular to the spin polarization σ ⃑, a large part of the interfacial spin accumulation is absorbed by m ⃑ as a spin transfer torque, which minimizes ȷ ⃗ and W conductivity.
When m ⃑ is parallel or antiparallel with σ ⃑ , there is only a slight reduction of interfacial spin accumulation through longitudinal spin absorption by bulk FM, which maximizes ȷ ⃗ and W conductivity. Therefore, there is a magnetoresistance (MR) in W as a function of the relative angle between m ⃑ and σ ⃑ . This so called SMR can be utilized to characterize the effective G (See Supporting information for formula derivation). 38 We measure the spin Hall magnetoresistance with 100 μA DC current under an external field of 6 T rotating in y-z plane. Since the magnetization is always perpendicular with the applied current, the anisotropy magnetoresistance (AMR) in bulk FM layer, which depends on the relative angle between the magnetization and the applied current, is excluded. 43, 44 Ref. 46 shows that a FM single layer has another MR among y-z plane called anomalous Hall magnetoresistance (AHMR). We determine the AHMR of CoFeB layer to be 1~2 orders smaller compared to SMR (see Supporting information).
Therefore, the CoFeB resistance is treated as a constant. R (β) can be extracted from overall longitudinal resistance R (β) by:
, l is the longitudinal length between two abreast voltage channels. 
Harmonic characterization of and
To verify the modulation of FL torque, we perform a standard harmonic characterization considering planar Hall effect correction. 21, 39 Fig. 3(a) Next, we discuss how does larger effective G reduce a FL spin torque. When we neglect the transverse spin diffusion into bulk FM layer, spin orbit torque can be expressed as: 37
,where µ ⃗ is spin accumulation. In Eq. 3, the first term in bracket has a similar form of the damping term in the Landau-Lifshitz-Gilbert equation and it's so called damping-like torque. Its strength is determined by µ ⃗ and , where µ ⃗ depends on both and . Comparably, the second term in bracket is called the field-like torque, whose amplitude is decided by and µ ⃗. is the imaginary part of spin mixing conductance and it can be interpreted as an effective exchange field. The amplitudes of DL and FL torques are both related to the integral of µ ⃗ weighted by the sine of the angle between µ ⃗ and ⃗. The interfacial spin accumulation doesn't transfer its momentum to the magnetization, and it exerts only a FL torque through exchange interaction. Given the fact that injected spin current is tilted progressively toward the magnetization, it gives smaller FL torque compared to the interfacial spin accumulation. Therefore, the enhancement of effective G will reduce a FL torque.
To compare the strength of this modulation under different efficiencies of spin generation, we further measure the FL torque in sample series III with a larger W thickness of 5 nm, as shown in Fig. 4(a) . experimentally showed that when the FL has an opposite sign with DL, which is also the case in W/CoFeB/MgO trilayers, a large FL torque will induce anomalous switching back phenomena in nanosecond-timescale, which decreases the switching probability. One of our recent theoretical work also demonstrated that, with the same sign relation, a larger θ will reduce the robustness of SOT switching. 48 Although, in our experiment, larger total magnetization moment is needed to reduce θ and it will increase the critical current of SOT switching, it also increases the thermal stability and enables the scaling-down of memory devices. For SOT-MRAM, there is a trade-off between the power consumption and other properties, such as thermal stability, switching speed and robustness.
At the end of our discussion, we are able to depict the mechanism of FL and DL SOT. As shown in Fig. 1(a) , a horizontal charge current generates a spin current by SHE or Rashba effect. A part of the spin current diffuses into the FM layer and exerts a DL torque toward ⃗ by spin transfer torque, and a FL torque around ⃗ by exchange interaction. Additionally, the spin accumulation at the interface contributes solely to a FL torque. This significant origin of a FL torque could be reduced by improving the interfacial spin transmission. The spin current reflection caused by interfacial spin accumulation converts back into a charge current by ISHE, which could be detected by SMR measurement.
III． CONCLUSION
In summary, without the need to change material system in order to tune G , we achieve modulation of θ θ ⁄ by control of G in W/CoFeB/MgO trilayers with PMA. With the help of SMR measurement, we find that thicker or properly annealed CoFeB with larger spin dephasing can obviously boost the absorption of spin current and increase the interfacial spin transmission. θ is found to be reduced by larger G . Moreover, this modulation of FL torque is found to be even more effective in structures with smaller spin generation. The results indicate that the FL SOT is strongly contributed by the exchange interaction between the magnetization and interfacial spin accumulation, which is reduced by larger interfacial spin transparency. We suggest a new routine to further enhance the performance of SOT-based magnetic device by modulating the relative amplitude of FL torque through control of interfacial spin transparency. for their financial support of this work.
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Resistivity measurement of sample series I and II. Formula derivation of SMR measurement.
Anomalous Hall magnetoresistance in single CoFeB layer. Details of harmonic measurement.
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S2. Formula derivation of SMR measurement
Considering the longitudinal spin absorption of the FM layer, the SMR ratio
can be expressed by following equation (shunting effect term is removed by considering only the HM layer resistance): S1,S2 
, where σ is the conductivity of the HM layer.
We notice that in Ref. S3 anomalous Hall magnetoresistance (AHMR) in FM single layer among y-z plane. S5 We 
S4. Details of harmonic measurement
Longitudinal (transverse) SOT effective field ΔH (ΔH ) can be detected by using a standard harmonic measurement. S6,S7 We first measure the under 100 μA DC currect while a 6 T external field rotating inside the x-y plane. Fig. S3(a) shows the and sinusoidal fitting measured in W(1.5)/CoFeB(1.1)/MgO(2)/Ta(1.5), T = 300 ℃. 
, where ± stands for ±z magnetization directions, r is the ratio between PHE resistance (R ) and R , H (H ) is an external magnetic field sweeping along x (y) direction.
The frequency of the adopted AC current is 133.33Hz. We tilted the sample by 2~4° to give a small out of plane external field in order to prevent multi-domain formation. The average value of the effective fields extracted with the magnetization pointing ±z direction with a small tilt angle can be a good approximation of the actual value. S8 The current density in W layer is calculated by
, where J and J are the current density flowing through the full stack and the W layer respectively, and t is the W thickness. Fig. S3(b) shows the obtained SOT effective field under different current density. ∆H (DL) and ∆H (FL) (per 10 7 A/cm 2 ) are extracted from the linear fitting of the effective field. Fig. S3 (c) and 3(d) summarize the SOT effective field of sample series I and II. We can find that ∆H and ∆H are both reduced by larger magnetization. With the same SOT efficiency, SOT effective field is inversely proportional to the magnetization.
